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Abstract 
The Finite Element Method (FEM) and other numerical methods are very effectively implemented in linear and nonlinear analysis of 
structures. Recently, a new displacement based Applied Element Method (AEM) has been developed, which is applicable for static linear 
and non linear analysis of framed and continuum structures. In AEM structural member is divided into virtual elements connected through 
normal and shear springs representing stresses and strains of certain portion of structure. FEM assumes the material as continuous and is 
able to indicate highly stressed region of structure but it is difficult to model separation of element unless crack location is known. The 
main advantage of applied element method is that it can track the structural collapse behaviour passing through all stages of the 
application of loads. In this paper, basic introduction to applied element method is presented. The differences between FEM and AEM are 
discussed.  The application of AEM is illustrated through static analysis of portal frame. The portal frame is divided into different number 
of square elements. The elements are connected through varying number of normal and shear springs. The effect of size of elements and 
number of springs for connecting elements on analysis results is presented in the paper. The analysis results are also compared with that 
of FEM. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Institute of Technology Nirma 
University, Ahmedabad. 
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Nomenclature 
Kn Stiffness of normal spring 
Ks  Stiffness of shear spring 
E & G  Young’s modulus and Shear modulus 
Greek symbols 
α & ș  Vertical and horizontal inclination of spring at first node 
1. Introduction 
Damages to buildings during natural and manmade disasters have clearly shown behavior of the structure under static or 
dynamic loading in vertical or lateral direction. Deformation capacities of the individual components of the structure decide 
the strength of a structure. In order to determine capacity of any structure beyond the elastic limits some form of nonlinear 
analysis such as the pushover procedure are performed. Usually seismic demands are computed by nonlinear static analysis 
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of the structure by applying monotonically increasing lateral forces with a constant distribution of the forces throughout 
height until a target displacement is reached. However, clear understanding about the performance of structure under critical 
dynamic loading is difficult to understand by following nonlinear static procedure. For this purpose, highly efficient 
numerical modeling procedures are required. Currently available numerical methods for structural analysis can be classified 
into two categories as Continuum Method and Discrete Element Method. Finite Element Method (FEM) is Continuum 
method while Rigid Body and Spring Model (RBSM) and Extended Distinct Element Method (EDEM) are Discrete 
Element techniques. 
Recently, a new displacement based method has been developed known as Applied Element Method (AEM) [1].  In 
AEM structural member is divided into virtual elements connected through normal and shear springs representing stresses 
and strains within the structure. AEM has the capability of simulating behavior of structures from zero loading to collapse. 
FEM assumes the material as continuous and is able to indicate highly stressed region of structure but it is difficult to model 
separation of element unless crack location is known. The main advantage of applied element method is that it can track the 
structural collapse behaviour passing through all stages of the application of loads like, elastic stage, crack initiation and 
propagation in tension-weak materials, reinforcement yielding, element separation, element collision (contact), and collision 
with the ground and with adjacent structures. It can also be used for modeling large displacement and separations of 
structural element [2]. 
AEM is proved as an effective analysis method for evaluation of progressive collapse potential of building. Progressive 
collapse resistance of 10-storey reinforced concrete building was evaluated by Helmy et al. [3] using AEM and following 
GSA and UFC guidelines. Detailed modeling of the building structure considered for the study was carried out using 
Extreme Loading for Structures (ELS) software which is based on applied element method. The effect of slab modeling 
considering slab reinforcement and slab thickness on progressive collapse was also investigated by Helmy et al. [4].  
Detailed modeling of structure and its collapse behavior, using applied element method based software, Extreme Loading 
for Structures (ELS), under controlled implosion were presented by Lupoae and Bucur [5, 7]. The effect of infill walls 
provided on periphery of frame with and without openings, on progressive collapse potential was discussed by Lupoae et al. 
[6]. Optimum and economic way of design to prevent progressive collapse of multi-storey reinforced concrete structure due 
to column removal was proposed by Salem et al. [8] using applied element method. Progressive collapse potential of 4-
storey moment resisting steel building was evaluated by Khalil [9] using applied element method by following alternate 
load path method specified in Unified Facilities criteria (UFC 4-023-03) guidelines. Comparison between results obtained 
by AEM and FEM was also presented by author [9]. 
Special algorithms was discussed by Dessousky [10] to model the interface between the blocks and added to an Applied 
Element-Based solver. These algorithms predicted the strength and stiffness at interfaces when cracks opened and closed. 
Simulation of collapse processes of scaled reinforced concrete structure by using AEM was presented and compared with 
results obtained by shake table experiments by Tagel-Din and Meguro [11]. Raparla et al. [12] considered four bare frames 
designed as per Indian Standards for studying performance of building up to collapse using AEM. All bare frames were 
subjected to Northridge earthquake ground motion (freq. 1-4 Hz).  
In this paper basic introduction of Applied Element Method (AEM) and fundamental difference between FEM and AEM 
is discussed.  Formulation of stiffness matrix for generalized two dimensional elements is presented. Application of AEM is 
illustrated through linear static analysis of portal frame under lateral loading. The factors affecting the accuracy of AEM 
like size of element and number of connecting springs are studied. The comparison of analysis results using AEM and FEM 
is also presented.  
2. Applied element method (AEM)  
In AEM, a structure is modeled by virtually dividing it into an assembly of small elements. Adjacent elements are 
connected through series of normal and shear springs located at contact points that are distributed over the surface of each 
element. At each contact point, there is one normal spring and one shear springs for two dimensional problems. While one 
normal spring and two shear springs in orthogonal directions are considered for three dimensional problem. Fig. 1 illustrates 
the division of a structure into elements and shows the connection of elements through springs.  
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(a)                                                                                              (b) 
Fig. 1: (a) Division of structure into various elements. (b) Distribution of springs and area of influence of each spring 
 
The area of influence on each element for a set of springs is also highlighted in Fig. 1. The stiffness of springs in normal and 
tangential direction is given by: 
 
 (1) 
Where, E and G are Young’s Modulus and Shear modulus, respectively, ‘d’ is the distance between springs, ‘t’ is the 
thickness, and ‘a’ is the length of the representative area. Equation 1 simply represents the axial stiffness of spring. Each 
element has three degrees of freedom at its centroid representing the rigid body motion of the element. Deformation in each 
set of springs on an elements surface can be geometrically related to degrees of freedom at the centroid, thus creating a 
stiffness matrix for that set of springs. The element stiffness matrix is then created by summing up the stiffness matrices of 
each individual set of springs. The model can then be analyzed by utilizing the following equation: 
[F] = [KG][ǻ]                                                             (2) 
Where, [F] is the applied load vector, [ǻ] is the displacement vector, and [KG] is the global stiffness matrix.  
The advantage of the AEM arises from the use of springs to connect adjacent elements. For each set of normal and shear 
springs, stress and the corresponding strain is calculated throughout the loading. Considering material properties, the 
maximum force that can be resisted by spring can be determined. Once the maximum force is reached, springs are cut or it 
will not be considered in further analysis. This can occur anywhere within the model, therefore no pre-conceived location of 
cracks is necessary. Crack propagation follows the same principles. If all of the springs connecting an element are cut, the 
element is allowed to separate from the structure. In a dynamic analysis, the element has an assigned mass and generates 
inertial forces. The ability to cover this vast range of structural behavior in a single model is the main difference of the AEM 
from other analysis methods. 
2.1. Assumptions 
Following assumptions are made in linear static analysis using AEM: 
¾ Elements are assumed to be rigid (i.e. shape and size doesn’t changes under applied loading). 
¾ Elements are assumed to be connected with number of springs. 
¾ Assembly of Rigid mass and springs behaves as Rigid body spring mass model  
¾ Deformations of an element are assumed to be equal to deformation of springs. 
¾ Direction of loading are assumed to be constant for analysis of problem. 
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2.2. Comparison of AEM and FEM 
Following are the comparative features of FEM and AEM 
                           Table 1. Comparison of AEM and FEM 
Finite  element method Applied element method 
• It is based on continuum mechanics for numerical 
analysis of various problems 
• It is useful in both continuum as well as discrete 
problems 
• Lines and dummy planes are used for discretization 
of structure 
• Structure is considered as an assembly of small elements 
• Elements are compulsorily connected at nodes • Elements are connected along faces  
• Nodes are used for connection of an element • Springs are used to connect elements at faces 
• Many types of finite elements are used for meshing 
of structure 
• Generally Cuboids is only element used for meshing of 
structure 
• The number and the type of degrees of freedom of 
the model depend on the type of finite elements used 
for modeling 
• Two elements are connected through a series of contact 
points. At every point three springs are attached: a 
normal spring and two shear springs (for three 
dimensional element) 
• Transition elements are needed to switch from large 
sized elements to smaller elements as elements are 
connected at nodes only 
• No need for transition element as elements are connected 
at faces (i.e. Partial connectivity between elements is 
allowed) 
• Global stiffness matrix [K] is determined based on 
contribution of each element 
• Global stiffness matrix [K] is determined as sum of 
contributions of all springs 
3. Formulation of stiffness matrix of 2-D element 
Fig. 2 shows the general position of an element. The two elements are assumed to be connected with pair of normal and 
shear springs at each contact points distributed along the faces of each element. Coordinates (dx, dy) of each contact point 
are obtained with respect to centroid of each element. Two transverse and one rotational degree of freedom are considered at 
the centroid of an element.  
The stiffness matrix components corresponding to each degree of freedom are determined by applying a unit 
displacement in the respective direction and by determining forces at the centroid of each element. The element stiffness 
matrix size is 6 × 6. Equation 3 shows the components of upper left quarter of the stiffness matrix.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 : General position of deformed element 
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4. Analysis of Portal frame subjected to lateral load  
The application of Applied Element Method is illustrated through static analysis of portal frame subjected to lateral load. 
Geometrical data Material properties, End conditions and type of loading conditions are as follows: 
 
• Column spacing = 4200 mm c/c  
• Storey height =3000 mm  
• Width of beam and column= 300 mm  
• Depth of beam and column =600 mm  
• Cross section area of beam and column = 180 x 103 mm2.  
• Modulus of Elasticity of concrete E (M25 grade) = 25000.00 N/mm2  
• Poission’s ratio of concrete = 0.15  
• Shear modulus of material G = 3750 N/mm2  
• Moment of inertia (I) of section = 5.4 x109 mm4.  
• Support condition = Fixed at column base.  
• Loading: Point load of 500 kN at top in lateral direction.  
 
The frame is divided into varying size of square elements, to understand the effect of element size on analysis results. 
The sizes of elements considered for analysis are 300 mm, 200 mm, 150 mm and 120 mm as shown in Fig 3. As linear static 
analysis is carried out in present study, the reinforcement in the beam and column is neglected. To understand the effect of 
number of connecting springs on analysis results the elements are assumed to be connected by 1, 3, 5, 7 and 10 number of 
springs. The discretization of portal frame is shown in Fig 3. 
 
(a) (b) (c) (d)  
Fig. 3: Discretization of structure with varying sizes of elements (a)300 mm element size (b) 200 mm element size (c) 150 mm element size (d) 120 mm 
element size 
Lateral displacement along the height of portal frame from varying size of elements i.e. 300 mm, 200 mm, 150 mm and 
120 mm connected by different no. of springs are shown in Fig 4. The maximum displacement at node near to top of frame 
with varying size of element and with varying no. of spring and its comparison with FEM results are shown in Table 2 and 
Fig 5. Finite element analysis is carried out using ANSYS software. 
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(a)     (b)  
 
(c)     (d)  
Fig. 4: Horizontal displacement along the height for varying size of elements (a)300 mm element size (b)200 mm element size (c) 150 mm element size (d) 
120 mm element size 
Table 2: Comparison of maximum horizontal displacement of portal frame subjected to lateral loading 
Size of Element No. of Springs 
Max Displacement (mm) 
AEM FEM 
120 
1 8.69 
8.61 
3 8.42 
5 8.45 
7 8.44 
10 8.48 
150 
1 8.75 
8.455 
3 8.43 
5 8.46 
7 8.49 
10 8.51 
200 
1 8.96 
8.246 
3 8.46 
5 8.53 
7 8.55 
10 8.6 
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300 
1 8.73 
7.922 
3 7.8 
5 7.94 
7 7.98 
10 8.07 
 
 
Fig. 5: Comparison of maximum horizontal displacement of portal frame subjected to lateral loading. 
From Table 2 and Fig. 5, it is observed that with larger size of square elements the difference in analysis results using 
AEM and FEM is more. With reduction in size of element, the difference in analysis results by both the methods reduces.   
The effect of increasing number of contact springs for a particular size of element is not significant. The small size of 
element with less number of springs represents the behaviour of portal frame accurately. In the paper only nodal 
displacements are presented. From the nodal degrees of freedom deformation in springs is obtained. The deformation of 
spring multiplied by corresponding stiffness gives force in spring. Force in normal and shear springs represent axial force 
and shear force respectively. The forces divided by contributory area of each spring gives the stresses at corresponding 
location of structure.  
5. Conclusion 
In this paper, linear static analysis of portal frame subjected to lateral loading is presented. From the analysis result 
following conclusions can be drawn:  
• In AEM the deformation and forces in element are represented by deformation and the forces in springs connecting 
the elements. Two types of springs i.e. normal and shear, if considered in various directions, can model one-
dimensional, two dimensional and three dimensional problems. Elements connected by one shear and one axial 
spring represent two-dimensional problem and elements connected by two shear and one axial spring represents 
three-dimensional problem.  
• Stiffness matrix in Applied element method is derived by adding the forces in springs between the elements. The 
degrees of freedom are considered at the centroid of element, from which deformation of spring and forces in 
springs are obtained.  
• The variables affecting accuracy of analysis results using AEM are size of element and number of contact springs. 
Smaller size of element with less number of connecting springs gives accurate results.  
• From the comparison of analysis results of portal frame using AEM and FEM, it is observed that the accuracy in 
analysis results using applied element method is similar to that of finite element method. So, the applied element 
method can be used for linear static analysis of two dimensional problems. 
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